INTRODUCTION
============

Matrix metalloproteinases (MMPs) are a family of structurally related zinc-dependent proteases that are classified into several subgroups: collagenases (MMP-1, -8, -13 and -18), gelatinases (MMP-2 and -9), matrilysins (MMP-7 and -26), transmembrane MMPs (MMP-14, -15, -16, -17, -24 and -25), stromelysins (MMP-3, -10 and -11) and others.^[@bib1],[@bib2]^ Two gelatinases, MMP-2 and -9, are capable of degrading denatured interstitial collagens (gelatins), lamins, elastins, fibronectins and basement membrane zone-associated collagens.^[@bib3]^ They are involved in normal turnover of extracellular matrix, tumor invasion and chronic inflammatory disease. MMP-2 and -9 were found to be upregulated in inflamed pulp tissues and periapical lesions *in vivo*.^[@bib4]^ Furthermore, MMP-2 and -9 are regulated by cytokines and lipopolysaccharide in human dental pulpal cells (HDPCs) and are thought to play crucial roles in pulpal inflammation.^[@bib4],[@bib5],[@bib6]^

It is desirable to develop a medicament for use in direct pulp capping treatment that inhibits early pulpal inflammation. The agents that inhibit MMP expression could be candidates for this type of treatment, to prevent and/or treat pulpal inflammation by mechanical, chemical and microbial irritants. Previous studies have demonstrated that peroxisome proliferator activated receptor gamma, zinc oxide, TGF-β, protein synthesis inhibitor (cycloheximide), protein kinase C inhibitor, tyrosine kinase inhibitor (Herbimycin A) and dexamethasone all inhibit MMP expression in HDPCs.^[@bib5],[@bib7],[@bib8],[@bib9]^

Retinoids are derivatives of vitamin A and are involved in a number of biological processes.^[@bib10]^ Retinoids have been found to inhibit inflammation, thrombosis, platelet adhesion and stimulate fibrinolysis.^[@bib11]^ Especially, all-trans retinoic acid (ATRA) was found to be a very potent metabolite of retinol, exerting pleiotropic effects on many different biological processes. Previous *in vitro* studies using synovial fibroblasts, skin fibroblasts, bronchoalveolar lavage cells and cancer cells showed that ATRA inhibits MMP-2 and -9 expression.^[@bib12],[@bib13],[@bib14],[@bib15]^ In contrast, ATRA can induce MMP-9 expression and activity in neuroblastic cell lines, myleoid leukaemia cells and dendritic cells.^[@bib16],[@bib17],[@bib18]^ Thus, it remains uncertain whether ATRA incites MMPs inductive or inhibitory effects in HDPCs.

The aim of this study was to investigate the effects of ATRA on MMP-2 and MMP-9 production and messenger RNA (mRNA) expression using gelatin zymography and real-time polymerase chain reaction (PCR) in HDPCs.

MATERIALS AND METHODS
=====================

Primary culture of HDPCs
------------------------

HDPCs were obtained from healthy premolars, which were extracted with informed consent from patients who presented for orthodontic treatment. The protocol of this study was approved by Institutional Review Board in Kyung Hee University Dental Hospital (KHD IRB-1106-02). Pulp tissue was collected from the coronal part after resection of each tooth at the cementoenamel junction. Pulp tissue was washed in phosphate-buffered saline (Gibco, Invitrogen, Karlsruhe, Germany) for 1 min, cut into small pieces, transferred to cell-culture plates and incubated with Dulbecco\'s modified Eagle\'s medium containing 10% fetal bovine serum (Gibco BRL, Life Technologies, Grand Island, NY, USA), penicillin-G (100 U⋅mL), streptomycin (100 µg⋅mL) and Fungizone (0.25 g⋅mL) (GeminiBio-Products Inc., Woodland, CA, USA) at 37 °C in a humidified atmosphere of 5% CO~2~. Migration of cells from the pulpal tissue occurred 1 week later, and cultures were established and maintained in standard culture medium. Medium was refreshed three times per week, and cells were split, after reaching confluence. Pulp cells between the third and eighth passages were used in this study.

Cytotoxicity
------------

Cell viability was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit (Boehringer Mannheim, Mannheim, Germany) as per the manufacturer\'s protocol;^[@bib19]^ 1×10^4^ cells were seeded in each well of 96-well plate with 200 µL culture media. A 10 µL sample of MTT labelling reagent was added to each well and the plates were incubated for 4 h. The cells were then incubated in 100 µL of the solubilisation solution for 12 h. The absorbance was measured with a microtiter plate reader (Bio-Tek, Winooski, VT, USA) at a test wavelength of 595 nm with a reference wavelength of 690 nm. Cell viability was calculated as a percentage relative to the reference. A toxic concentration that allowed 50% of the cells to survive (TC~50~) was determined using a dose--response curve according to the concentration of ATRA.

Gelatin zymography
------------------

Cultured HDPCs were treated with ATRA solution of 1, 10, 25 and 50 µmol⋅L^−1^. After 24 h, supernatant from the treated cells was collected and mixed at a 1∶1 ratio with non-reducing sample buffer (2% sodium dodecyl sulphate, 125 mmol⋅L^−1^ Tris-HCl (pH 6.8), 10% glycerol, 0.001% bromophenol blue) for preparing samples. The samples were electrophoresed on 10% polyacrylamide gels copolymerized with 0.3% gelatin. After isolating the proteins, the gel was rinsed twice with 2% Triton X-100 for 20 min at room temperature and then incubated in 50 mmol⋅L^−1^ Tris-HCl (pH 7.9), 5 mmol⋅L^−1^ CaCl~2~ and 1 mmol⋅L^−1^ ZnCl~2~ overnight at 37 °C. The gel was stained with 0.25% Coomassie brilliant blue solution and then de-stained with 5% methanol and 8% acetic acid. The gel was converted into digital images and the band density was measured through Image-Pro Plus 4.5 software (Media Cybernetics, Silver Spring, MD, USA).

RNA isolation and real-time PCR
-------------------------------

RNA was extracted from the treated cells using RNAiso Plus (TaKaRa Bio, Shiga, Japan). cDNA was synthesized from 400 ng of total RNA using the PrimeScript RT reagent kit (TaKaRa Bio, Otsu, Japan) according to the manufacturer\'s instructions. One-tenth of the cDNA obtained was added for a final volume of 20 µL for each reaction containing SYBR Green I (TaKaRa Bio, Shiga, Japan). The primers for MMP-2, -9 and glyceraldehyde 3-phosphate dehydrogenase were as follows (sense/antisense):

MMP-2: 5′-ATC CTG GCT TTC CCA AGC TC-3′/3′-CAC CCT TGA AGA AGT AGC TGT G-5′.

MMP-9: 5′-GGG CTT AGA TCA TTC CTC AGT G-3′/3′-GCC ATT CAC GTC GTC CTT AT-5′.

Glyceraldehyde 3-phosphate dehydrogenase: 5′-GGT GAA GGT CGG AGT CAA CG-3′/3′-CCA GTA GGT ACT GTT GAA-5′.

Reactions were run on an ABI Step One real-time PCR system (Applied Biosystems, Foster City, CA, USA) with the following program: 45 cycles of 95 °C for 10 s, 60 °C for 15 s and 72 °C for 20 s. For relative comparisons of each gene, we analysed the threshold cycle (*C*~t~) value of the real-time PCR data using the 2^−ΔΔ*C*~t~^ method.^[@bib20]^

Statistical analysis
--------------------

All experimental procedures for this study were performed in triplicate. One-way analysis of variance and Tukey\'s multiple comparison test were used to analyse the results of the gelatin zymography. Student\'s *t*-test was used to determine differences in gene expression between the control group and the ATRA group. A *P* value of \<0.05 was considered statistically significant.

RESULTS
=======

Effect of ATRA on cell viability
--------------------------------

To examine the cytotoxic potential of ATRA, its effect on the viability of HDPCs was initially measured by MTT assay ([Figure 1](#fig1){ref-type="fig"}). Although ATRA had no cytotoxic effect when tested at the 1--50 µmol⋅L^−1^ concentrations, we found that ATRA exhibited cytotoxicity in HDPCs at higher concentrations (\>75 µmol⋅L^−1^). The TC~50~ of ATRA was about 70 µmol⋅L^−1^ according to the dose--response curve.

Effect of ATRA on MMP-2 and MMP-9 production
--------------------------------------------

The protein levels of MMP-2 and -9 were determined using gelatin zymography in conditioned media from HDPC cultures. As shown in [Figure 2a](#fig2){ref-type="fig"}, zymography revealed that the main gelatinases secreted by HDPCs migrated at 72 kDa, which represents the MMP-2 pro-form, and at 62 kDa, which represents the MMP-2 active-form. Minor gelatinolytic bands were rarely observed in the 92 kDa region, which represents the MMP-9 pro-form. The level of MMP-2 was inhibited by ATRA in a dose-dependent manner. The active form of MMP-2 was suppressed at 10 µmol⋅L^−1^, and both pro- and active-form MMP-2 were clearly suppressed at 25 µmol⋅L^−1^. [Figure 2b](#fig2){ref-type="fig"} shows the relative MMP-2 activity containing both pro- and active-forms according to ATRA concentration.

Effect of ATRA on MMP-2 and MMP-9 mRNA expression
-------------------------------------------------

To assess whether ATRA affects MMP-2 and -9 by regulation at the transcriptional level, we studied mRNA expression for MMPs using real-time PCR. [Figure 3](#fig3){ref-type="fig"} demonstrates a significant reduction in MMP-2 mRNA expression after treating cells with 25 µmol⋅L^−1^ ATRA for 24 h, as compared to the control. However, MMP-9 expression was not found to be significantly altered after ATRA treatment.

DISCUSSION
==========

To our knowledge, this is the first study to examine the effects of ATRA on activity and expression of MMP-2 and -9 in HDPCs. The mechanisms and regulation of MMPs in HDPCs are not fully understood. The MMP pathway is centrally involved in the dissolution of all unmineralized connective tissues and perhaps in the resorption of bone as well.^[@bib3]^ MMP-2 and -9 are of particular interest because they are synthesized by HDPCs and have been implicated in the pathogenesis of pulpal inflammation.^[@bib4],[@bib5],[@bib6]^ In the present study, the main gelatinolytic proteinase secreted by the pulp cells was MMP-2, and only minimal amounts of MMP-9 were detected. We showed that ATRA could suppress the MMP-2 expression significantly in HDPCs at concentrations that did not have cytotoxic effects.

ATRA is the most activated retinoid in the human body and medates various cellular functions by acting on transcription factors. ATRA is a lipophilic molecule with a low molecular weight (300 Da) but partial hydrophilicity, so that it can efficiently diffuse through water-soluble phases as well as hydrophobic membranes.^[@bib10]^ This feature makes ATRA an effective signal molecule, regulating gene expression by spreading rapidly in a specific receptor of cells, such as the retinoic acid receptor (RAR-α, -β, -γ) and retinoid X receptor (RXR-α, -β, -γ). Until recently, more than 500 genes were suggested to be regulatory targets of retinoids,^[@bib10]^ including genes related to MMPs, such as stromelysin-1, collagenases and gelatinases. Specifically, these MMP-related genes are suppressed by the antagonizing action of retinoids. Additionally, retinoids are known to have negative gene regulatory activities on inflammatory proteins, including JE/monocyte chemoattractant protein-1, inducible nitric oxide synthase, tumor-necrosis factor-α and interleukin-2.^[@bib21]^ These regulatory functions of retinoids on gene expression could be a basis for use as therapeutic agents for inflammatory tissue destruction.

In the present study, we found that MMP-2 expression was suppressed at similar levels at both the protein level and mRNA level ([Figures 2b](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). This suggests that ATRA could suppress MMP-2 expression in HDPCs through the intracellular regulation of gene expression. The reason why ATRA showed a suppressive effect on the MMP-2 but not on the MMP-9 is not obvious. The role of ATRA in regulating MMPs is not well understood, and previous studies have reported conflicting results. ATRA has been reported to reduce the production of gelatinases (MMP-2 and -9) in fibroblasts and cancer cells,^[@bib12],[@bib13],[@bib14],[@bib15]^ but to enhance their expression in Sertoli cells, dendritic cells and liver tissue.^[@bib18],[@bib22],[@bib23]^ These observations suggest that the effect of ATRA on MMP-2 and MMP-9 may be species-, tissue- or cell type-specific, and/or temporally- and spatially-specific. Another thing to consider is that in the present study, MMP-9 does not appear to be well expressed in healthy HDPCs. Not only was MMP-9 rarely detected in the gelatin zymography of the control group in the present study, but previous studies have also reported that MMP-9 was expressed in HDPCs only under specific conditions, such as chronic inflammation.^[@bib5],[@bib24]^ In this regard, further research is needed to investigate ATRA\'s effects on MMP expression in the inflammatory condition of pulp cells through culturing cells from inflamed pulp or application of inflammatory cytokines to pulp cells.

In the present study, we tested an ATRA dose of 25 µmol⋅L^−1^ in real-time PCR since the concentration showed no cytotoxic effects but significant inhibition of MMP-2 activity. The suppressive effect of ATRA on MMPs has been identified in similar concentrations in other kinds of cells. Dutta *et al.*^[@bib25]^ reported that the treatment of 30 µmol⋅L^−1^ ATRA induced the suppression of MMP-2 activity. Roomi *et al.*^[@bib15]^ demonstrated that both MMP-2 and -9 were inhibited in malignant mesothelioma cell lines with 50 µmol⋅L^−1^ ATRA treatment. Clark *et al.*^[@bib26]^ reported that the suppression of human skin fibroblast MMPs was at a maximum 24 h after treatment with 10 µmol⋅L^−1^ ATRA. Although the types of cells that were treated with ATRA differed among these previous studies, the concentration of ATRA inducing MMP inhibition was similar in terms of the concentration range (10--50 µmol⋅L^−1^) of the present study that induced MMP-2 suppression without a cytotoxic effect.

In summary, in the present study, we found that ATRA has a suppressive effect on MMP-2 expression in HDPCs. This suggests that ATRA, which is already being used as a therapeutic agent in many biomedical fields, could also be a candidate for use in regenerative endodontics and vital pulp therapy, such as direct pulp capping by suppressing tissue destruction and inflammatory reaction. Further research is needed to investigate the cellular mechanism underlying the inhibition of MMP expression and the possible complications for the clinical efficacy of ATRA.
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![**Effects of ATRA on the cytotoxicity of HDPCs.** Cells were treated with the indicated concentrations of ATRA for 24 h. Cell viability was measured using MTT assay. Data are representative of three independent experiments. \*Statistically significant differences compared with the control (*P*\<0.05). ATRA, all-trans retinoic acid; HDPC, human dental pulp cell; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.](ijos201363f1){#fig1}

![**Effects of ATRA on MMP-2 and MMP-9 expression.** Cells were incubated with the indicated concentrations of ATRA for 24 h. (**a**) MMPs expression was determined by zymogram. (**b**) Densitometric analysis of total expression of MMP-2. Relative MMP-2 level is comparod to negative control. The negative control group contains only serum-free DMEM with 1% DMSO and the positive control group contains 0.2% CHX solution. These data are representative of three independent experiments. \*Statistically significant difference from the negative control group (*P*\<0.05). ATRA, all-trans retinoic acid; CHX, cycloheximide; DMEM, Dulbecco\'s modified Eagle\'s medium; DMSO, dimethyl sulphoxide; MMP, matrix metalloproteinase.](ijos201363f2){#fig2}

![**Effects of ATRA on mRNA expression in MMP-2 and MMP-9.** (**a**) MMP-2; (**b**) MMP-9. Cells were incubated with 25 µmol⋅L^−1^ ATRA for 24 h. mRNA were assessed using real-time PCR. Similar data were obtained from three independent experiments. \*Statistically significant difference from the control (*P*\<0.05). ATRA, all-trans retinoic acid; MMP, matrix metalloproteinase; mRNA, messenger RNA; PCR, polymerase chain reaction.](ijos201363f3){#fig3}
